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1 Overview

deal.II version 9.7.0 was released July 22, 2025. This paper provides an overview of the new
features of this release and serves as a citable reference for the deal . II software library version 9.7.
deal.II is an object-oriented finite element library used around the world in the development
of finite element solvers. It is available for free under the terms of the GNU Lesser General
Public License (LGPL). The deal.II project is in the process of relicensing the library under
the terms of the Apache License 2.0 with LLVM Exception. Downloads are available at https:
//www.dealii.org/ and https://github.com/dealii/dealii.

The major changes of this release are:

— MappingP1, a more efficient mapping for simplex elements (Section ??);
- Updated support for transferring solution vectors during mesh refinement (Section ??);

— Improved matrix-free support for multi-component systems as well as improved portability
between GPUs via Portable: :MatrixFree (Section ??);

— Support for threading via TaskFlow, as well as support for several new external libraries
and improved support for Kokkos and ArborX (Section ??);

— deal.II can now build C++20 modules (Section 2?);

— Three new tutorial programs and a new code gallery program (Section ??).

While all of these major changes are discussed in detail in Section ??, there are a number of other
noteworthy changes in the current deal.II release, which we briefly outline in the remainder of
this section:

— MPGMRES is a variant of the widely used generalized minimal residual method (GMRES)
?, distinguished by the support for multiple preconditioners (thus, MPGMRES) during the
course of the solution process ?. In our implementation in the SolverMPGMRES class, the
use of N preconditioners leads to the construction of multiple Krylov spaces via N-variate,
non-commuting polynomials of the preconditioners and the system matrix applied to a
residual vector. SolverMPGMRES supports two strategies: (i) a full variant that constructs all
possible combinations of preconditioner application to the initial residual r, which for two
preconditioners Py, P> looks as

r, Pll’, Pz]", P1AP17", PzAPlr, P1AP21’, PzAPzT, P1AP1AP17‘, PQAPlAPﬂ‘, ce ,PQAPQAPQT’, ceey
and (ii) a truncated version where no combinations of preconditioners are considered, i.e.
r, Pli’, Pz?‘, PlAPﬂ’, PzAPzT’, PlAplAPﬂ’, PzAPzAPzT’, e

The new solver is beneficial when two different preconditioners can help to more quickly
span the space in which the solution is expected.

— A common operation in codes implementing finite element problems with several solution
variables is to ask whether a specific shape function belongs to a particular variable, for
example the pressure in a Stokes problem. In the past, this was implemented by using
the FiniteElement: :system_to_component_index() function that returns, among other
information, which vector component a shape function belongs to. One then had to test
whether this is the vector component (or one of the vector components) that corresponds
to a specific variable. The new FiniteElement::shape_function_belongs_to() makes
this easier: It takes as argument a FiniteElementExtractor that corresponds to a scalar,
vector-valued, or tensor-valued set of solution variables, and directly returns true or false.
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— Most of the functions in the GridGenerator namespace correspond to simple geometries
(such as cubes, spheres, and other shapes with analytical formulas) discretized with hyper-
cubes. The function GridGenerator: :convert_hypercube_to_simplex_mesh() converts
such discretizations to instead use simplices. That function now supports anisotropic splits,
including splitting quadrilaterals into two triangles and hexahedra into six tetrahedra, in
addition to the standard isotropic splits. These anisotropic splits significantly reduce the
total number of cells and are useful in contexts where one would like to use as few cells as
possible.

— The build system now supports interprocedural and link-time optimization (LTO). This
can be enabled with the CMake configuration option -DDEAL_II_WITH_LTO=ON. This option
enables whole-program optimization at link-time and can make executables significantly
faster.

— GridIn::read_vtk() now loads cell-centered data vectors stored in the input file and makes
them available via GridIn: :get_cell_data().

— Sparsity patterns for matrices built with FE_Q_iso_Q1 elements now correctly reflect the
inherited sparsity on each cell, making the usage of this element usable as a preconditioner
for a higher order problems (this is known as low order rediscretization, see also ?).

— The assembly of ghost penalty stabilization matrices, which appear in CutFEM, can now
be done via TensorProductMatrixCreator: :create_1d_ghost_penalty_matrix(). For
Cartesian cells, the local penalty matrix can be constructed by exploiting the tensor-product
structure of the basis functions. The ghost penalty operator is expressed as a Kronecker
product of precomputed one-dimensional mass and penalty matrices, which avoids the eval-
uation of high-order derivatives ?. The new functionality also handles the necessary lexico-
graphical renumbering of degrees of freedom across adjacent cells via the FETools: : cel1l_to_face_patch()
function.

The changelog — listing more than 120 new features and bugfixes — contains a complete record of
all changes; see ?.

2 Major changes to the library

This release of deal . IT contains a number of large and significant changes, which we will discuss
in this section.

2.1 The MappingP1 class

Classes derived from the Mapping base class implement the transformation from a reference
cell (such as the unit square or reference triangle) to a concrete cell that is part of a mesh.
deal.II has supported simplex and mixed meshes since the 9.3 release ?. That release included
MappingFE, a Mapping class that uses the shape functions of a finite element to implement this
transformation; many common mappings can be written in this way, and the class works with
a variety of different elements by delegating most computations to a FiniteElement object. For
example, the common bi-/trilinear mappings for quadrilaterals and hexahedra, as well as the
linear mappings on triangles and simplices, can be implemented using MappingFE along with the
FE_Q or FE_SimplexP classes.

The current release includes a new MappingP1 class, which contains an optimized implementation
of the standard affine simplex mapping (i.e., the mapping from the unit/reference cell to the real
cell with a constant Jacobian on each cell). This implementation is about six times faster than the
generic one implemented in MappingFE. In addition, this Mapping is now the default linear map-
ping returned by ReferenceCell::get_default_linear_mapping(), so all applications which
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use that function for obtaining a ReferenceCell-independent mapping will automatically use
the more performant class.

2.2 Updates to the SolutionTransfer class

This release extends the SolutionTransfer class to facilitate the transfer of solution vectors
from one mesh to another in an adaptive mesh refinement loop, now to all triangulation classes
that support mesh refinement. Consequently, it has subsumed the functionality of the existing
parallel::distributed::SolutionTransfer class, which is no longer necessary and is now
deprecated.

In the process of this update, we have also cleaned up these classes’ interfaces. In particular, some
member functions, such as execute_pure_refinement(), have been removed from the new
implementation because they provided functionality for only rarely used cases, but substantially
complicated the internal design of these classes. To maintain prolonged support for these edge
cases and to ensure a smooth transition to the updated interface, the previous implementation
remains available in the deprecated Legacy::SolutionTransfer class, which is planned for
removal in a future release.

2.3 Matrix-free functionality

The current release includes several extensions, major bug fixes, and optimizations of the matrix-
free infrastructure and related multigrid functionality, such as matrix-free geometric and poly-
nomial coarsening. The most significant advances were made for the Kokkos-based “portable”
infrastructure described below. In addition, improvements where made to several areas:

— The MatrixFreeTools: :compute_matrix() and MatrixFreeTools: :compute_diagonal ()
functions to compute the matrix or only its diagonal from a matrix-free operator were
extended towards multi-component systems, the DG context (and, in general, to operators
with face integrals), and mixed elements.

— We added support for additional ghost cells in the matrix-free setup to support vector access
to a wider range of operations, such as MPI parallelization of multigrid smoothers based
on vertex patches ?.

— We implemented functionality for identifying degrees of freedom in lexicographic ordering
on patches of cells.

— Support for additional matrices in the TensorProductMatrixCreator class, supporting fast
diagonalization-based inverses, was added.

In a broader context, the Portable::MatrixFree class utilizes Kokkos to provide support for
GPUs from Nvidia, AMD, and Intel. In this release, we have added support for finite elements
with multiple components, i.e., “vector-valued” finite elements. We have also added support for
finite elements where the number of quadrature points per direction is different from the size
of the one-dimensional basis (e.g., polynomial degree plus one), thus supporting more cases of
evaluation. In addition to the extended functionality, several performance optimizations to the
evaluation routines have been made, which are particularly visible on recent Nvidia GPUs.

To ensure more uniform handling of data structures necessary for storing temporary results
in matrix-free evaluations, such as sum-factorization algorithms, we have introduced two new
classes: Portable: :DeviceVector and Portable: :DeviceBlockVector. The first of these is an
alias for Kokkos: : View that replaces the raw pointer previously used to access data on the GPU.
The class Portable: :DeviceBlockVector extends Portable: :DeviceVector in a manner similar
to the way BlockVector extends Vector on the CPU.



Finally, we have streamlined the interface of the functor invoked by the GPU kernel. In the past,
this interface included a cell index, Portable: :MatrixFree: :Data (which includes precomputed
data such as quadrature points, shape functions, and other information that needs to be trans-
ferred to the GPU), and Portable: :MatrixFree: : SharedData (which contained scratch memory
used for computation). Now, all this information has been consolidated into a single new class
Portable::MatrixFree: :Data, greatly simplifying the interface.

2.4 Updates of deal.II’s interfaces to external libraries

deal.II relies on external software packages for many operations that are not within the core
functionality of a finite element package — see Section ?? for a complete list. As in every release,
we have continued to expand and revise these interfaces. The following sub-sections outline
these updates.

24.1 |Interfaces to the Threading Building Blocks and to Taskflow A large number of op-
erations within deal.II are parallelized, including through mechanisms like WorkStream ? that
are also available to and useful in application codes. For more than 15 years, since the 6.3 re-
lease, deal.II has used the Intel Threading Building Blocks (TBB) ? as the underlying library to
provide task- and pipeline-based parallelism. However, the TBB has downsides that primarily
follow from its use of assembler mnemonics and the resulting difficulties with supporting all
platforms and compilers. As a consequence, starting with the current release, deal.II builds
on the Taskflow library ? that is entirely implemented in C++, is header-only, and provides an
interface that matches well with current C++ language standards. deal.II bundles the Taskflow
3.10 release, and now no longer bundles the TBB, though the TBB interfaces are still available if a
TBB installation is found on a system.

In Figure ?? we compare the time for assembling the temperature matrix and temperature right-
hand side in the step-32 tutorial program, like it was done in ?. The test was performed on a
3d mesh with 393,216 cells and 3,195,010 temperature degrees of freedom using a Q, element.
The tests are run on AMD EPYC 9654P with 96 cores (and 192 threads). One can clearly see that
running all copy operations sequentially limits parallel scalability (to less than 10 threads on the
left, where the copy operation is more expensive than the right), regardless of whether one uses
the TBB or Taskflow. On the other hand, first “coloring” all cells to avoid conflicts in the copy
operation (labeled as “colored” in the figure) eliminates this bottleneck. It is clearly visible that
the Taskflow implementation is better or the same in all situations.

2.4.2 Kokkos, a performance portability library Kokkos ? is a C++ library that makes it
easy to write codes that can portably run on CPUs and GPUs of different vendors, using their
respective underlying programming models. The deal.II 9.5 release ? made Kokkos a required
dependency. The current release removes the deprecated CUDAWrappers namespace as well as all
CUDA-related macros in favor of Kokkos equivalents. The 9.7 release now bundles Kokkos 4.5.1 but
the minimum version required is still 3.4.

2.4.3 MUMPS, a multifrontal parallel direct solver MUMPS (MUltifrontal Massively Parallel
sparse direct Solver) is a widely-used software library designed for efficiently solving large sparse
linear systems on parallel architectures ?.

In the 9.7 release, we have significantly enhanced integration with MUMPS, without requiring it to
be installed through PETSc or Trilinos. Improvements include a simplified user interface for direct
solvers, mimicking the existing interface we provide for UMFPACK, and enhanced performance
optimizations that leverage recent MUMPS capabilities. Specifically, the deal.Il wrappers now
transparently support parallel matrix factorization, out-of-core computations, block low-rank
approximations, and GPU support.
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Figure 1: Assembly times in a modified step-32 (left: temperature matrix assembly, right: temper-
ature right-hand side assembly) comparing TBB and Taskflow with and without coloring. These
figures correspond to the middle row of (?, Fig. 4). Lines with squares match “Implementation
2” in ?; the lines with circles labeled “colored” match “Implementation 3” therein.

2.4.4 PSBLAS, a parallel sparse linear algebra library PSBLAS is a parallel sparse linear
algebra library that provides basic operations for sparse matrices and vectors ?.

Thelibrary is specifically designed to leverage modern parallel computing architectures, including
both CPU and GPU systems, making it well-suited for exascale computing environments. Release
9.7 includes preliminary support for configuring with PSBLAS, allowing users to take advantage
of its capabilities for specific linear algebra tasks. This support is still in its early stages, and the
library is not yet fully integrated into the deal.II ecosystem.

24.5 Magic Enum, a static reflection library for enums Magic Enum (alternatively known
via its in-code spelling magic_enum) is a modern, header-only C++17 library designed to provide
static reflection capabilities for enums without the need for macros or additional boilerplate code.
It greatly simplifies working with enum types by enabling conversions between enum values
and strings, integer values, and various other operations. Version 9.7 uses magic_enum to provide
type safe and efficient conversions between enum values and their string representations in the
ParameterHandler class. An example usage of this class would be:

C++ code

#include <deal.II/base/parameter_handler.prm>

enum class SolverType {
DirectUMFPACK,
DirectMUMPS,
Iterative

15

SolverType solver_type = SolverType::DirectUMFPACK;
ParameterHandler prm;
prm.add_parameter("solver_type", solver_type);
prm.parse_input ("input.prm");

This allows the user to specify in the parameter file input.prm, e.g., the type of solver to use:

set solver_type = DirectUMFPACK



The library also understands boolean operations between enums, allowing the user to specify, for
example:

C++ code

#include <deal.II/base/patterns.h>
#include <deal.II/fe/fe_values.h>

// This is one of the deal.II enums used for the FEValues class
UpdateFlags flags = update_values;

// The following will output "update_values"
std: :cout << Patterns::Tools::to_string(flags)
<< std::endl;

// While the following is equivalent to writing

// flags = update_values|update_gradients;

flags = Patterns::Tools::to_value<UpdateFlags>(
"update_values|update_gradients");

// Allowing one to use

ParameterHandler prm;

prm.add_parameter ("update_flags", flags);
prm.parse_input ("input.prm");

In this case, the user can specify in the parameter file input.prm the flags to pass to an FEValues
object:

set update_flags = update_values|update_gradients

2.4.6 ArborX, a performance-portable geometric search library ArborX ?is a library for
geometric search on CPUs and GPUs. The new ArborX2.X series is not backward compatible with
the older 1.X series. Consequently, this incompatibility required an extensive rewrite of our wrap-
pers to support ArborX 2.X. As part of the rewrite, the template parameters had to be changed.
When using the wrappers with ArborX 1.X, ArborX: :BVH and ArborX::DistributedTree are
templated on both the dimension and the number type. When using the wrappers with ArborX
2.X, these classes are templated on the geometric objects used for the leaf nodes of the ArborX: :BVH

type.

2.5 Work towards C++20 modules

deal.IT currently requires a compiler that understands C++17, but some additional features are
enabled if a compiler supports the C++20 standard. C++20 also introduces “modules”, a way by
which software packages can export their public interface without relying on the mechanism of
textual inclusion of header files that C++ has inherited from C. The end goal of C++20 modules
is that one can replace the use of long lists of statements such as

#include <deal.II/grid/tria.h>
by a simple

import dealii;
A lot of effort — perhaps 6 weeks of full-time work, and nearly 200 pull requests — has gone into
evaluating whether deal.II can be built using modules (in addition to header files, which will
need to be provided for a long time to come for backward compatibility). A detailed accounting
of this effort can be found in 2. The majority of this work addressed features of the deal.II code
base, accumulated over its more than 25 year history, that were acceptable in a header-based
system but not in a module-based system. To name just two of many examples: (i) there can be
cycles of header files that mutually #include each other, but this is not allowed for modules; and



(ii) it is allowed to declare functions in header files as static or in anonymous namespaces, but
this no longer works with modules. In both cases, while allowed, the existing code was brittle,
inefficient, or hard to understand. Most of the pull requests for this project therefore simply
cleaned up our code base, without having to introduce any incompatibilities.

As shown in ?, the use of C++20 modules reduces compile times for the library itself, though the
evidence is mixed for tutorial programs or applications that build on deal.II. Given that at the
moment few systems have compilers, CMake versions, and build systems that are sufficiently
new to support module builds, it will be several years before this feature will become widely
usable. However, the infrastructure for it is now in place, and one can build the current release
into a C++20 module by providing CMake with the flag -DDEAL_II_WITH_CXX20_MODULE=ON.

2.6 New and improved tutorials and code gallery programs

Many of the deal.II tutorial programs were revised in a variety of ways as part of this release:
Around 125 of the more than 1500 (non-merge) commits that went into this release touched the
tutorial. In addition, there are a number of new tutorial programs:

- step-93 demonstrates how one can implement problems in which some of the variables to
be solved for are not degrees of freedom of a finite element field (i.e., they are “non-local”
degrees of freedom, because they have no associated node functional that is tied to a cell or
a patch of cells). Specifically, the program solves an optimization problem in which some
of the variables are scalars that multiply certain source terms. step-93 was written by Sam
Scheuerman.

— step-95 extends step-85 and illustrates the use of matrix-free methods to solve prob-
lems with embedded boundaries using the CutFEM method ?. It shows the interplay
between the matrix-free infrastructure for standard quadrature rules (FEEvaluation and
MatrixFree) and the infrastructure for unstructured quadrature (FEPointEvaluation and
NonMatching: :MappingInfo) while using explicit SIMD vectorization. The tutorial imple-
ments both continuous and discontinuous Galerkin methods in 2D and 3D. step-95 was
written by Maximilian Bergbauer, with help by Martin Kronbichler and Peter Munch.

— step-97 is a program that solves a curl-curl problem from electromagnetics — more specif-
ically, from magnetostatics. The program shows a formulation in which two curl-curl
problems are solved consecutively to model the magnetic field that results from the current
in an electrically conducting coil. step-97 was written by Siarhei Uzunbajakau.

In addition, there is one new program in the code gallery (a collection of user-contributed pro-
grams that often solve more complicated problems than tutorial programs, and that are intended
as starting points for further research rather than as teaching tools):

— “Phase field fracture model in 3D”, contributed by Wasim Niyaz Munshi, Chandrasekhar
Annavarapu, Wolfgang Bangerth, and Marc Fehling. The program solves a formulation
for fracture propagation in which one uses a separate field that tracks the “damage” to
the material that has resulted from deformation, with the damage weakening the elastic
properties of the deforming solid.

2.7 Incompatible changes

The 9.7 release includes around 25 incompatible changes; see ?. Many of these incompatibilities
remove previously deprecated functions or classes, or require now widely available but newer
versions of external dependencies than previous deal.II versions. Others change internal in-
terfaces that are not usually used in external applications. The following are worth mentioning
since they are more broadly visible:
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— The classes Subscriptor and SmartPointer have been renamed to EnableObserverPointer
and ObserverPointer. Many core classes, such as DoFHandler and Triangulation, in-
herit from EnableObserverPointer to enable other classes to store ObserverPointers
pointing to them which, if dereferenced after the pointed-to object goes out of scope,
will signal an error that the pointer is now “dangling”. This functionality has been in
deal.II since 1998. Since the term “smart pointers” nowadays typically refers to the
std: :unique_ptr or std::shared_ptr classes, these names were updated to avoid this
conflict in terminology. The new names are based on the proposal for std: :observer_ptr?
and std: :enable_shared_from_this.

— In order to support modules (see Section ??), a significant number of headers had to be
split up to prevent circular inclusions and other minor incompatibilities. For example,
deal.II/grid/tria.hno longer contains declarations of CellData or SubCellData. Those
declarations have instead been moved to deal.II/grid/cell_data.h. In cases where this
leads to errors, the situation is easily (and backward compatibly) fixed by adding an explicit
#include statement to the user program for the file that is necessary to access declarations
the compiler now no longer sees.

— As mentioned in Section ??, the current release removes the deprecated CUDAWrappers
namespace as well as all CUDA-related macros in favor of Kokkos equivalents.

— Wehave continued unifying the various implementations of object orientations in the library,
i.e., the description of how cells, faces, or edges are oriented relative to other such objects.
While the three booleans ‘orientation’, ‘rotation’, and ‘flip” have maintained their original
definitions (i.e., they have default values of true, false, and false), the default value of the
combined orientation (available via TriaAccessor: :combined_face_orientation() and
TriaAccessor::line_orientation()) is now 0 rather than 1. In addition, the return type
of these functions is now types: :geometric_orientation, which is a typedef for an 8-bit
integral type.

— The step-52 tutorial was removed. This program showed the use of time stepping function-
ality in deal.ITI, but this functionality was rudimentary compared to what packages such
as SUNDIALS or PETSc TS offer. As a consequence, step-52 did not show the advanced
techniques we would like to promote (e.g., time stepping error control and automatic time
step size choice), and it is now superseded by step-86 (which builds on PETSc TS).

— The parallel::distributed: :SolutionTransfer class has been merged with the class
SolutionTransfer, with the former now being deprecated. In the process of cleaning up
the interface, we have also removed some rarely used member functions of the latter that
prevented us from unifying the two classes. For more information see Section ??.

— The MatrixOut class, which creates graphical representations of matrices, now defaults to
creating sparse output, only showing nonzero entries. This vastly increases the size of
matrices that can be visualized. Creating dense output remains possible through a flag in
the class’s AdditionalData structure.

— The FiniteElement class has a number of functions that allow querying properties of
implementations in derived classes. These include asking whether a derived class is able to
provide “(generalized) support points”, i.e., whether the element defines its shape functions
via nodal interpolation (or via quadrature-based integrals) and can return an array of these
points. These functions returned false for the FE_Nothing element — an element that has
no degrees of freedom and consequently no shape functions. This answer was not wrong,
but missed the point: Codes using these functions want to know whether an element is
able to provide arrays with these support points, and for FE_Nothing the answer should be
“yes” (i.e., true): The class can provide such an array, it will just be empty.
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3 Howto cite deal.II

In order to justify the work the developers of deal.II put into this software, we ask that papers
using the library reference one of the deal.II papers. This helps us justify the effort we put into
this library.

There are various ways to reference deal. II. To acknowledge the use of the current version of the
library, please reference the present document. For up-to-date information and a bibtex entry
see

https://www.dealii.org/publications.html

The original deal.II paper containing an overview of its architecture is ?, and a more recent
publication documenting deal.II’s design decisions is available as ?. If you rely on specific
features of the library, please consider citing any of the following:

— For geometric multigrid: ?2??; — For boundary element computations: ?;

— For distributed parallel computing: ?; — For the LinearOperator and Packaged-

_ For hp-adaptivity: 22; Operation facilities: ??;

_ : .2
~ For partition-of-unity (PUM) and finite ele- For uses of the WorkStream interface: ?;

ment enrichment methods: ?; — For uses of the ParameterAcceptor concept,

— Formatrix-free and fast assembly techniques: the MeshWorker::ScratchData base class,

. and the ParsedConvergenceTable class: ?;
— For computations on lower-dimensional ~ For uses of the particle functionality in
manifolds: ?; deal.II:?2.
— For curved geometry representations and ~ For the design of the video lectures and how
manifolds: ?; they can be used in teaching: ?.

— For integration with CAD files and tools: ?;

deal.II can interface with many other libraries:

- GSL ?? — OpenCASCADE? - SymEngine ?
- ADOL-C?
— ArborX? - Ginkgo 72 ~ plest? — Taskflow ?
~ HDF5? — PETSc 2?
~ ARPACK ? ° > ~ TBB?
Assi » — Kokkos ? — PSBLAS?
T o — Trilinos 72
— BLAS,LAPACK?  ~ MagicEnum? - ROL?
- UMFPACK ?
— Boost ? - METIS ? — ScaLAPACK? u S
- CGAL? - MUMPS ?? — SLEPc? - VIK?
- Gmsh? — muparser ? - SUNDIALS ? - zlib?

Please consider citing the appropriate references if you use interfaces to these libraries.

The two previous releases of deal . II can be cited as ??.
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